The Abdominal-B [Abd-B] gene of the Drosophila bithorax complex is a homeotic gene with two subfunctions: the morphogenetic element required for specifying the identity of parasegments (PS) 10-13 and the regulatory element that represses the expression of other homeotic genes in PS 14. Here, we provide evidence that four classes of overlapping transcripts are generated from the Abd-B gene and characterize three of the transcripts in detail. We determined the transcription initiation sites for the 4.6-and 3.4-kb RNAs and show that they are generated from separate promoters. Both of these transcripts are present throughout the period during which the Abd-B subfunctions are required. A mutation that inactivates the morphogenetic function is associated with a 411-bp deletion of the initiation site for the 4.6-kb RNA. The regulatory function mutations disrupt the transcription unit for the 3.4-, but not the 4.6-kb, RNA. These results support the assignment of the morphogenetic function to the 4.6-kb RNA and the regulatory function to the 3.4-kb RNA. A 7.8-kb RNA expressed during embryogenesis may also contribute to the regulatory function. Sequence analysis of cDNAs indicates that the 4.6-kb RNA encodes a 55-kD protein (the m protein), whereas the 3.4-kb RNA encodes a 30-kD protein (the r protein). The m and r proteins share a carboxy-terminal sequence that includes the homeo domain, but the r protein lacks a glutamine-rich amino-terminal domain found in the m protein.
The identity of thoracic and abdominal segments in Drosophila melanogaster is determined by homeotic genes that are clustered in two regions of the genome: the Antennapedia complex and the bithorax complex (BX-C) (Akam 1987) . The homeotic genes in the BX-C specify the identities of two thoracic and eight abdom inal segments, corresponding to parasegments (PS) 5-14. Larvae deficient for the BX-C show the transformation of these segments to the posterior first thoracic and an terior second thoracic segment (or PS4) (Lewis 1978 ; for review, see Duncan 1987) . Recent genetic analyses have revealed that the BX-C contains three lethal comple mentation groups: Ultrabithorax (Ubx), abdominal-A (abd-A), and Abdominal-B (Abd-B) (Sanchez-Herrero et al. 1985a,b; Tiong et al. 1985; ). The domains of activity for these homeotic genes can be in ferred from the mutant larval phenotypes. The Ubx fimctions are primarily required for the identity of PS 5 and PS6 and, to a lesser extent, PS7-PS13. The identity of PS7-PS 13 is specified by the abd-A functions, and the Abd-B functions are required in PS 10-PS 14. Hence, the domains of activity for these genes overlap, and the correct combination of encoded functions is required to specify unique segmental characteristics.
In addition to the lethal mutations, many BX-C muta tions have been isolated that are homozygous or hemizygous viable (Lewis 1978 (Lewis , 1985 . These mutations transform only subsets of the parasegments affected by mutations in the three lethal complementation groups. The nonlethal mutations that affect the thoracic seg ments include bx, abx, bxd, and pbx, whereas those transforming the abdominal segments are knov^ni as infra-abdominals {iab). The iab functions can be classi fied by complementation analysis into iab-2 through iab-8 Lewis 1985; Duncan 1987) . Cis/ trans complementation tests between many lethal and nonlethal mutations have indicated that the nonlethal functions require a wild-type copy of the lethal func tions in cis (Lewis 1978 (Lewis , 1985 . This has been interpreted to mean either that mutations in Ubx, abd-A, or Abd-B cis-inactivate the neighboring nonlethal functions (Lewis 1979 (Lewis , 1985 Karch et al. 1985) or that the non lethal functions represent cis-regulatory elements that control the expression of the three essential functions Peifer et al. 1987) .
The BX-C has been cloned, and the locations of the three lethal complementation groups, as well as the nonlethal complementation groups, have been deter-mined by mapping associated DNA lesions (Bender et al. 1983; Karch et al. 1985) . Low stringency hybridization experiments have detected homeo box sequences asso ciated with the Ubx, abd-A, and Abd-B regions (Regulski et al. 1985) , suggesting that each gene encodes a homeo domain-containing DNA-binding protein(s). The Ubx domain has been characterized in greatest detail. All Ubx lethal mutations disrupt a 77-kb transcription unit encoding the homeo domain-containing protein products expressed in PS5-PS13 (Akam 1983; White and Wilcox 1984; Akam and Martinez-Arias 1985; Beachy et al. 1985; Weinzierl et al. 1987; O'Connor et al. 1988; Kornfeld et al. 1989 ). The nonlethal mutations that affect thoracic segment identity map within the Ubx 5'-flanking region or within the Ubx introns (Bender et al. 1983) . Furthermore, these nonlethal muta tions alter the spatial distribution of the Ubx proteins, supporting the model that they alter cis-regulatory ele ments of Ubx (Beachy et al. 1985; White and Wilcox 1985) .
Recent genetic analyses of Abd-B suggest a complex gene organization within this lethal complementation group Casanova et al. 1986; Sato and Denell 1986; Whittle et al. 1986; Celniker and Lewis 1987; Tiong et al. 1988) . The current understanding of the genetic data can be summarized as follows: The Abd-B gene contains two genetic elements or subfunc tions. The morphogenetic, or m, element [revealed by the class 1 mutants described by Casanova et al. (1986) ] is required for the development of PS 10-PS 13. The strongest mutant alleles affecting the m function not only transform PS10-PS13 to PS9 but also cause near complete lethality during late embryogenesis. In addi tion, nonlethal mutations such as iab-5, iab-6, and weak iab-7 alleles transform subsets of the domain affected by lethal m alleles, suggesting that they affect the expression of the m function, by analogy to the Ubx domain. The mutations in the regulatory, or r, ele ment [revealed by class II mutants of Casanova et al. (1986) and iab-8 mutants of Karch et al. (1985) ] cause a transformation PS 14 toward PS 13; homozygous r" flies are viable. Casanova et al. (1986) have presented evi dence that the primary function of the r element is to repress expression of other homeotic genes in PS 14. Mu tant alleles affecting only the m element complement those affecting the r element. However, both types of mutations fail to complement the strictly lethal class of Abd-B mutations that affect PS10-PS14 [class III of Ca sanova et al. (1986) and strong iab-7 of Karch et al. (1985) ]. This indicates that both the m and r elements are members of the Abd-B lethal complementation group, and that class III mutations inactivate these subfunctions simultaneously.
To understand the complex genetic organization of Abd-B, we carried out a detailed molecular analysis. Current data indicate that four major overlapping tran scripts are generated from the Abd-B gene ( Fig. 1 ; Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . One of the transcripts has been localized by in situ hybridization analysis to PS 10-PS 13, whereas two other transcripts have been detected in PS 14 and PS 15 (DeLorenzi et al. 1988; Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . These results sug gest that the transcript expressed in PS 10-PS 13 carries the m function, whereas one or both of the transcripts expressed in PS 14-PS 15 contains the r function. How- Figure 1 . Localization of exons associated with three classes of Abd-B cDNAs. The results of Southern analysis to localize genomic regions that hybridize to each class of Abd-B cDNA are shown here with the genomic coordinates and restriction map of Karch et al. (1985) . The numbers refer to the distance in kilobases from the chromosomal walk entry site. Bars indicate regions of hybridization with genomic restriction fragments but do not necessarily imply single exons. The direction of transcription, as indicated by arrows, is from right to left. We have also included the 7-class transcript described by Kuziora and McGinnis (1988) to provide a complete picture of transcript distribution in this region. Also shown is the location of the genomic region encoding the homeo box and the positions of the lesions associated with three Abd-B mutations: D14, a 411-bp deletion, and iab-7^^ and Tab, two chromosomal breakpoints. D14 is SL class I mutation (m ~r+), and Tab is a class II mutation (m +r"). 
Results

The structure of Abd-B cDNA clones reveals four classes of overlapping transcripts
Genomic DNA from the Abd-B region has been cloned and characterized . To analyze tran scripts encoded by the Abd-B gene, we screened two cDNA libraries constructed from 3-to 12-hr (Poole et al. 1985) and from 8-to 12-hr embryonic RNA (Brown and Kafatos 1988) . Restriction fragments located at map co ordinate + 154 and from + 157 to -1-159 of the BX-C ( Fig.  1 ; Karch et al. 1985) were used to screen the libraries (see Materials and methods). Additional cDNAs were ob tained using subcloned DNA fragments from the orig inal cDNA isolates. A total of 30 cDNA clones were iso lated and analyzed by restriction enzyme mapping (Fig.  2) . In some cases, similarities between cDNA clones were examined by single-strand hybrid analysis, as de scribed by Bermingham and Scott (1988; data not shown) . On the basis of these results, the cDNA clones were classified into three structurally distinct classes: A, B, and C (Fig. 2) . The largest cDNAs from each class were radioactively labeled and hybridized to filters con taining restriction fragments of overlapping genomic DNA from the right half of the BX-C (map coordinate + 15 to +200 of Karch et al. 1985) . The results of the Southern analyses are diagrammed in Figure 1 . All cDNA inserts hybridized to 5-and 0.6-kb £coRI frag ments located between map positions + 148 and +154. In addition, cDNA from each class hybridized to unique fragments mapping distal to the common fragments. Class A cDNAs (E32, B3, and 16 other clones) hybridized to the 1-kb BamHI fragment at +158. Class B cDNAs (E19 and four other clones) hybridized to two EcoRIHindlll fragments ( + 159 to +162 and +167 to +176) and to an EcoRI-Sall fragment (+ 182 to +183). Class C cDNA (E61) hybridized to the same fragments as class B cDNA, except for the fragment at +183; the class C probe also hybridized to a unique HindIII-£coRI frag ment between +186 and + 187. To summarize, each of the three classes of overlapping Abd-B transcripts con tains at least two common exons, including the homeo box sequence, but has unique 5' exons. Figure 1 also shows the exon locations of the 7 class of cDNA isolated by Kuziora and McGinnis (1988) . cDNAs corresponding to this class of Abd-B transcript were not detected in our screens. 
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To determine the size of the transcripts represented by the three classes of cDNA, we performed Northern blot analysis using probes specific to class A, class B, and a region common to all cDNA classes (see Materials and methods; Fig. 2) . A class A-specific probe detects a major transcript of 4.6 kb and a minor transcript of 5.0 kb (Fig.  3, lane C) . A major transcript of 3.4 kb and a minor tran script of 3.8 kb are detected (Fig. 3, lane A) with a class B-specific probe. When a probe containing DNA se quences common to all three cDNA classes is used as a probe, both the major 3.4-and 4.6-kb RNAs and the as sociated minor transcripts are observed (Fig. 3, lane B) . Kuziora and McGirmis (1988) have provided evidence that the minor species of RNA observed on the Northern blots are the products of alternative polyadenylation. We will henceforth refer to the Abd-B transcripts by using the size of the major bands: 4.6-kb class A RNA and 3.4-kb class B RNAs. We have not detected additional bands with the common probe that may represent the class C cDNA, nor have we been able to detect a band using a class C-specific probe. However, Sanchez-Herrero and Crosby (1988) detected a 7.8-kb RNA at low levels in 4-to 8-hr embryonic poly(A)"^ RNA, using genomic DNA probes corresponding to our class C-specific exon. This suggests that our class C cDNAs correspond to the 7.8- kb RNA. The direction of transcription for both the 4.6-and 3.4-kb RNAs is from distal to proximal on the chro mosome (right to left on the genomic map in Fig. 1 ) based on the single-stranded probes used for this anal ysis. Sanchez-Herrero and Crosby (1988) reported that the 7.8-kb RNA is transcribed in the same direction. Kuziora and McGirmis (1988) have detected 3.3-kb and 3.7-kb RNAs using a probe specific to the 7-class cDNA. It is likely that transcripts corresponding to the class B cDNAs and to the 7-class cDNAs would not be distin guishable as separate bands on Northern blots probed with common exon sequences (see Fig. 3, lane B) . Taken together, these data indicate that four overlapping mRNA species are transcribed from the Abd-B region.
Determination of the transcription initiation sites for class A and class B RNAs
To determine whether the Abd-B RNAs are transcribed from the same or separate promoters, we localized the 5' end of class A (4.6-kb) and class B (3.4-kb) RNAs by primer extension and SI nuclease protection analyses (Figs. 4 and 5) . The approximate position of the 4.6-kb RNA initiation site was located with a primer comple mentary to a site 130 bp from the 5' end of the B3 cDNA. The primer extension product was -650 nucleotides long (data not shown), indicating that the initiation site is located beyond the sequence contained in cDNA clone B3. Then we determined the genomic DNA se quence immediately upstream from the 5' end of the B3 cDNA, synthesized a uniformly radiolabeled primer, and repeated the primer extension analysis (Fig. 4A,C) . The size of the major extension product (Fig. 4A , lanes 2-4) indicates that the transcription start site is 506 bp up stream of the 5' end of cDNA clone B3 (indicated as -I-1 in Fig. 4 ). This site of initiation was confirmed by two other primers complementary to the genomic sequences upstream of the B3 clone (data not shown).
SI nuclease analysis supports this location for the 4.6-kb RNA initiation site. A single-stranded genomic DNA probe, extending from 191 bp downstream to a BamHI site upstream of the putative initiation site, protected RNA fragments of 189-191 nucleotides from SI nu clease (Fig. 4B,C) . Two other probes protected fragments consistent with the start site predicted from the primer extension experiments (data not shown). We chose the strongest band in our primer extension experiments as the start site, although minor initiation sites are indi cated by the presence of faint bands at -1-2, -1, and -3 positions. We conclude that the transcription initiation site for 4.6-kb class A RNA is located at the genomic map position -1-158, a position within an intron of other Abd-B transcripts.
Comparison of the size of the RNA predicted by Northern analysis and the sequence of class B cDNA clone E19 (see below) suggests that it is approximately full length. Therefore, we sequenced a region of genomic DNA upstream from the 5' end of this cDNA clone to look for evidence of promoter elements or splice sites ( 
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Results of primer extension analysis also indicate that this position is the transcription initiation site rather than an intron/exon boundary. Extension of a uniformly labeled primer resulted in a band (Fig. 5 ) that places the initiation site for 3.4-kb class B RNA at nucleotide + 1 (Fig. 7A ). These results indicate that the class B E19 g a t c 12 34 end not present in the genomic sequence, the genomic sequence in this region bears little resemblance to a splice acceptor site. To determine whether these bases represent an upstream exon or are simply an artifact of cDNA production, SI nuclease protection and primer extension analyses were performed. SI analysis was performed using a uniformly radiola beled probe extending from nucleotide +294 of class B cDNA to a genomic PstI site located upstream (Fig. 5B ). Figure 5A shows that 291-292 nucleotide fragments are protected from SI nuclease digestion by RNA. Three other probes gave the same result (data not shown) and did not reveal any additional exons in the region 2.8 kb upstream of the 5' end of class B cDNA. (lane 2), and the duplex extended with re verse transcriptase. This results in a 294-nucleotide extended product (solid arrowhead) that corresponds to a C residue (indi cated as +1 in Fig. 7A ). The genomic sequence in adjacent lanes {g, a, t, c) was produced using the same primer at nucleo tides + 275 to +294. For SI nuclease analysis, the same primer was extended to a PstI site -900 bases upstream from the puta tive transcription initiation site on a single-stranded genomic template (Materials and methods). After hybridization to either Dwsophila 4-to 12-hr total RNA (lane 3) or yeast poly(A) + RNA (lane 4), the reactions were digested with SI nuclease and the protected fragments were electropboresed on a 6% acrylamide/7 M urea gel. The protected fragments (solid arrowhead in A] are 1-3 bases shorter than predicted from the primer exten sion analysis, presumably because of the nibbling of the ATrich sequence at the 5' end by SI nuclease. The open arrowhead [A] indicates the unextended primer extension probe (B) used in the primer extension reaction. The hooked arrow in B shows the initiation site and the direction of transcription for the class B transcript. The numbers in parentheses refer to genomic map positions GENES & DEVELOPMENT Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from cDNA is 2 bp short of full length and, therefore, that the additional 8 bases on the 5' end are apparently an artifact of the original cDNA cloning. The site of initiation for class B RNA (map position +183) is downstream from the 5'-most exons of the 7.8-kb class C RNA and the 7 transcript and upstream from the class A transcription initiation site. We conclude that there are a minimum of three promoters in the Abd-B gene.
We examined the DNA sequences around the initia tion sites of class A and B RNAs for conserved transcrip tional signals. The sequence at the initiation site of class A RNA, AGTGTA, is in close agreement with the cap sequences of a number of other Diosophila genes (Pirrota et al. 1987) . The sequence AGTGTA also appears at a position 24 bp downstream from the initiation site of class B RNA. Neither initiation site is preceded by a consensus TATA sequence. A notable sequence located 183-131 bp upstream of the class A transcription start site is a 53-bp stretch of poly
. Long stretches of CA/GT repeat have been observed in mouse and Drosophila genomes, but their functions remain un clear (Bhandari et al. 1988 ).
An m element mutation deletes the transcription initiation site for the class A RNA
A class I mutation, D14, which inactivates the morphogenetic but not the regulatory function, has been shown to carry a deletion of -400 bp that maps near the ge nomic map position -I-158 , close to the 5' end of the class A RNA. The precise deletion end points were determined by comparing the sequence of subcloned D14 genomic DNA with that of wild-type DNA. D14 is associated with a 411-bp deletion ex tending from 66 bp upstream to 345 bp downstream of the transcription initiation site for the class A RNA (Fig.  6 ). This deletion falls within a 5-kb intron of class B, class C, and 7-class RNAs ( Fig. 1) and is unlikely to sig nificantly affect the expression of these RNAs. The fact that the D14 mutation specifically deletes the transcrip tion initiation site for the class A RNA provides evi dence that this RNA encodes the m function affected in the class I mutations of Casanova et al. (1986) .
Two different proteins are encoded by the three classes of cDNAs
Because genetic analysis indicates that the m and r ele ments of Abd-B carry out distinct functions, we wished to determine whether the three classes of RNA encode different protein products. The complete sequences of the longest cDNA inserts representing 4.6-kb (class A), 3.4-kb (class B), and 7.8-kb (class C) RNAs were deter mined. Figures 6 and 7A show composite DNA se quences for class A and class B cDNAs and their respec tive upstream genomic DNAs, whereas Figure 7B indi cates the sequences of exons specific to class C cDNA. The location of the exon/intron boundaries for the 45-bp exon of class B and C RNAs was also confirmed by sequencing the appropriate genomic DNA. The DNA quences confirm the exon structures predicted from the Southern analysis of the three cDNA classes: All three classes share the 3' exons; class B and C transcripts share two additional internal exons; and each class is associated with a unique 5' exon. Both cDNA clones E32 (class A) and E19 (class B) have poly(A) tails at their 3' ends preceded by a canonical AATAAA polyadenylation signal (Fig. 4) . The cDNA clone E61 (class C) does not contain a poly (A) tail at its 3' end and appears to be a truncated cDNA.
Each class of cDNA contains a single long open reading frame (ORF). The ORE in the class A cDNA starts in the unique 5' exon at -1-1211 (Fig. 6 ) and con tinues for 1478 bp into the common 3' exons. Concep tual translation of this ORF indicates that the class A cDNA encodes a protein of 493 amino acids (55 kD). The ORFs present in class B and C cDNAs are contained en tirely within the 3' exons that are common to all three classes of cDNA. If translation initiates from the AUG at position +1880 (Fig. 6 ), the protein encoded by class B and C cDNAs will be a shorter protein of 270 amino acids (30 kD). Thus, class B and class C RNAs encode a protein that is a truncated form of the protein produced by class A RNA. These results are summarized in Figure   Discussion Four overlapping Abd-B transcripts are generated from multiple promoters Genomic DNA from the Abd-B gene detects four major classes of overlapping transcripts on Northern blots ( Fig.  3 ; Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . Each class (probably including the 7.8-kb RNA) is associated with less abundant transcripts that are longer by 400 nucleotides and appear to represent al ternative polyadenylation products. Three of the major transcripts, 4.6, 3.4, and 7.8, are represented in the cDNA clones obtained and define three structurally dis tinct classes: A, B, and C, respectively. A fourth class of cDNA, 7, representing 3.3-and 3.7-kb RNA, has been isolated by Kuziora and McGinnis (1988) . The 7-transcript sizes are similar to the sizes of transcripts de tected by our class B-specific probes; however, the 3.4-kb class B RNA initiates at a position -12 kb down stream of the 5'-most exon for the 7-class transcripts (Fig. 1) . Class A most likely corresponds to the pre viously described a-class cDNA (Kuziora and McGirmis 1988) . Class C cDNA corresponds to the cDNA de scribed by DeLorenzi et al. (1988) . Kuziora and McGinnis described another cDNA class, p. The 5' exon of this cDNA maps to genomic position -1-167, the loca tion of the second exon present in our class B and C cDNAs, and contains additional sequences from this re gion. Therefore, this class may represent an incomplete cDNA produced from a precursor for the 3.4-kb class B or 7.8-kb class C transcripts.
We have shown by DNA sequence analyses that the Abd-B transcripts represented by class A, B, and C cDNAs share exons spanning 2.5 kb of 3' sequences but TGG GCC TAC AAC GAC GAG GGA  +1999  PGFETDTSAAVKRHTAHWAYNDEG  TTC AAT CAG CAT TAC GGC TCC GGG TAC TAC GAC CGC AAG CAC ATG TTC GCC TAT CCT TAC CCA GAA ACG CAG  +2071  FNQHYGSGYYDRKHMFAYPYPETQ  TTT CCG GTT GGT CAG TAC TGG GGC CCC AAC TAC CGC CCC GAT CAG ACC ACC TCT GCC GCA GCG GCG GCG GCC  +2143  FPVGQYWGPNYRPDQTTSAAAAAA  TAC ATG AAC GAG GCG GAG CGC CAC GTG AGC GCC GCC GCG CGA CAG TCC GTC GAG GGC ACA TCG ACG TCC AGC  +2215  YMNEAERHVSAAARQSVEGTSTSS  TAC GAG CCG CCC ACC TAC TCC TCG CCA GGC GGC CTG CGC GGC TAT CCC AGC GAG AAC TAC TCC AGC TCA GGA  +2287  YEPPTYSSPGGLRGYPSENYSSSG  GCC TCT GGT GGA TTA TCC GTG GGA GCA GTG GGT CCT TGC ACG CCC AAT CCC GGA CTG CAC GAG TGG ACC GGT  +2359  ASGGLSVGAVGPCTPNPGLHEWTG  CAG GTG TCC GTC 
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Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from have unique 5' exons. Two lines of evidence indicate that the 7.8-kb RNA is not a precursor of the 3.4-kb RNA: DNA sequence analysis shows that the 5' exon of the 3.4-kb RNA is not present in 7.8-kb RNA, and the 3.4-kb RNA initiation site is located downstream of the 7.8-kb RNA 5' exon. Although the sequence of the 7 cDNA has not been reported, Southern analysis (Kuziora and McGinnis 1988) suggests that it too shares the same 3' exons but possesses a unique 5' exon (Fig. 1) .
Our study shows that the 4.6-kb class A transcript and 3.6-kb class B transcript are generated from separate pro moters. The class A and class B initiation sites are lo cated downstream of the 5' exons for both the 7.8-kb transcript and the y transcripts, indicating the existence of at least one other promoter for the Abd-B gene. The 7.8-kb RNA and the 7 transcripts show different pat terns of expression (DeLorenzi et al. 1988 ; Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) , and their 5' exons map to different positions. Thus, it is pos sible that these transcripts are differentially regulated at the transcriptional level and initiate from different pro moters. Therefore, Abd-B encodes primary transcripts generated from at least three and, perhaps, four different promoters.
A number of developmentally regulated genes in Drosophila and other organisms have been shown to pro duce overlapping transcripts from altemative promoters (for review, see Schibler and Sierra 1987) . Notable ex amples in Diosophila are the ADH (Benyajati et al. 1983) , Antennapedia (Laughon et al. 1986; Schneuwly et al. 1986; Stroeher et al. 1986) , and caudal (Mlodzik and Gehring 1987) genes. These genes contain alternative promoters that are regulated differentially during devel opment. Because ORFs are found in the common exons of each of these genes, alternative transcripts encode the same proteins. The transcripts for Abd-B differ in that two different proteins are produced (see below).
Correlation of different classes of transcripts with Abd-B subfunctions
Genetic analyses have identified two separate functions within the Abd-B complementation group, termed the morphogenetic (m) and regulatory (r) elements. These subfunctions are revealed by class I {m~r'^) and class II (m+r") mutants of Casanova et al. (1986) . Three lines of evidence indicate that the 4.6-kb class A RNA encodes the m fimction affected in class I mutations of Abd-B. First, probes specific for the class A RNA detect expres sion in PS10-PS13, the region affected by class I muta tions (Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . Second, we have shown that a class I mu tation, D14, which causes nearly complete lethality, is associated with a 41I-bp deletion that removes the tran scription initiation site for class A RNA. The deletion falls within a large intron for class B and class C RNAs and, hence, is not expected to severely affect expression of these RNAs. Flies tr^ans-heterozygous for D14 (m~r'^] and iab-8 (m+r~) show only a mild mutant phenotype (a rotation of male genitalia), indicating that the r function of the D14 chromosome is not significantly affected (Celniker and Lewis 1987) . Third, none of the break points associated with the r~ mutations disrupt the class A transcription unit ( Fig. 1 ; Karch et al. 1985; Cel niker and Lewis 1987) . One breakpoint mutation, iab-7^^, that weakly affects the m function is located 8 kb upstream of the promoter for class A RNA. This loca tion is closer to the promoter than any of the r~ mutant break points.
The r function of Abd-B appears to be encoded by class B (3.4 kb) RNA and possibly by class C (7.8 kb) RNA for the following reasons. First, in situ hybridization with probes specific to these RNAs has detected expression in PS 14, the parasegment affected by class II (m+r~) muta tions (DeLorenzi et al. 1988; Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . Furthermore, the breakpoints associated with these mutations either disrupt or are located close to the transcription unit for the 3.4-and 7.8-kb RNAs. DeLorenzi et al. (1988) have argued that the 7.8-kb RNA represents the r subfunction of Abd-B. However, the time of expression of the 3.4-and 7.8-kb RNAs suggests that the 3.4-kb RNA is Hkely to provide the r function necessary for the development of adult terminalia. The time during which the r func tion is required has been studied by A. Busturia and G. Morata (pers. comm.) using genetic mosaic analysis. r~ clones induced as late as the third larval instar stage ex hibit mutant phenotypes, indicating that the r function is required at or after that stage. Northern blot analyses have shown that the 3.4-kb RNA is present throughout development, whereas the 7.8-kb RNA is detected only during 4-8 hr of embryogenesis (Kuziora and McGinnis 1988; Sanchez-Herrero and Crosby 1988) . Therefore, these results suggest that the 3.4-kb class B RNA is es sential for the r function. Figure 6 . Nucleotide sequence of class A cDNA and upstream genomic DNA and the predicted amino acid sequence of the ORF. Shown here are a composite sequence derived from two cDNAs E32 and B3 and sequencing of genomic subclones from wild type and D14 between the Pstl and BamYH sites at positions -I-158 and -I-159. Sequences derived from cDNA clone B3 extend from nucleotides 508 to 1553, whereas sequences from 1553 to the 3' end were derived from another cDNA (E32). Positive numbers indicate nucleo tides downstream from the putative initiation site, whereas negative numbers are upstream of the initiation site. Brackets delimit the sequence deleted in the D14 mutation (between -66 and +345). The homeo box region is underlined. The conceptual ORF for the cDNA is shown beginning with an ATG at +1211 and extends to a TGA stop codon at +2692. The proposed translation initiation site in class B and class C cDNAs is boxed (+ 1880) . The arrow at nucleotide + 1870 marks the end of the class A-specific exons and the beginning of the common exons. A weak homology to TATA box (nucleotide -27 to -23) and a putative poly(A) addition signal (nucleotides +4362 to +4367) are underlined. The arrow at +4389 shows the site of poly(A) addition for the class B cDNA clone E19. The primers used for primer extension (nucleotides +125 to +151), and nuclease SI protection (+ 162 to +191) are also underlined. The PvTill and Pstl sites that delimit the class A-specific probe used in the Northern analysis are marked, as are the 5ssHII and BaniHl sites used in the primer extension and SI nuclease protection analysis. Not all Pstl, Pvull, BamRli or BssHII sites are indicated. Figure 7 . Nucleotide sequences of class B-and class C-specific exons and the genomic DNA up stream of class B cDNA. Nucleotide sequences for the 5' exons specific to class B cDNA clone E19 {A, unshaded uppercase letters) and class C cDNA clone E61 [B, unshaded uppercase letters) are shown here joined to the 223-bp exons (shaded uppercase letters) common to both classes. The 5' exon specific to the class B cDNA has 302 bp. All but the first 8 bp originate from a single exon located at position +184 on the ge nomic map. The sequence of the upstream ge nomic region is shown in lowercase letters. The class B cDNA sequence is numbered starting at the transcription initiation site (-I-1) determined by SI nuclease protection and primer extension analysis, whereas negative numbers are up stream from this site. Included in the class B se quence is the 5ssHII restriction site used in the primer extension analysis and the Taql and Nael sites used to make probes for Northern analysis. For simplicity, not all SssHII, Taql, and Nael sites are shown. The boldface A at position +132 is the residue found in the cDNA se quence but not in the corresponding genomic se quence. The primer (nucleotides -I-275 to -I-294) used to synthesize the production for the SI nu clease protection and primer extension analysis is underlined. The 5'-specific sequence shown for class C cDNA is identical with the sequence studied by DeLorenzi et al. (1988) , with the ex ception that the sequence shown here has an ad ditional G residue located 182 bases from the be ginning of the sequence. We have included, in italicized letters, the beginning of the next exon, common to all cDNA classes studied. The pro posed translation initiation site for the r protein encoded by both class B and class C cDNAs is underlined. *, A, or ■ stop codons in each of three frames shows that long ORFs are not present in exons specific to class B and class C cDNAs.
The genetic complexity observed by Celniker and Lewis (1987) in a screen for revertants of Tab mutation may be relevant in assigning the r function. Tab (a class II m"^/" mutation) is associated with an inversion break point at map position -h 187, located ~4 kb upstream of the class B RNA promoter and within the transcription unit(s) for class C and 7 RNAs. They recovered several revertants of Tab that resulted in a more extreme loss of the r function. These revertants are associated with new breakpoints downstream of the promoter that would completely disrupt the class B transcript. These results suggest that the Tab breakpoint affects regulation of class B RNA and that the disruption of the class B tran script in the Tab revertants leads to a complete loss of the T function. The 7.8-kb class C transcript may provide additional i functions during early embryogenesis.
Functions of the 7-class transcripts are unclear at present. These transcripts are localized to PS 15 where defects have not been observed in most Abd-B mutants. Possible roles of the 7 transcripts have been discussed by Kuziora and McGinnis (1988) .
Abd-B encodes two proteins with different functions
The conceptual translation of the long ORF associated with class A RNA predicts a protein of 55 kD. Because this transcript has been correlated with the m subfunction of Abd-B, the encoded 'm protein' is required for the specification of the identity of PS10-PSI3. Both class B and class C RNAs are associated with an ORF that could encode a protein of 30 kD, the 'r protein'. If translation begins at the AUG at nucleotide +180 (Fig. 4) , the r pro tein would simply be a truncated form of the longer m protein. DeLorenzi et al. (1988) proposed that the ORF in the 7.8-kb RNA may begin with a QUO codon located 87 bp upstream of the AUG because of the presence of opa repeat in this region. In eukaryotic systems, GUG is a poor initiator for both in vivo and in vitro translation (Peabody 1989; R. Eisenman, pers. comm.) . Because some opa repeats are located outside of ORFs (e.g., see Bossy et al. 1988) , their presence is not necessarily an indicator of translated sequences. Therefore, we con sider it more likely that initiation occurs from the AUG.
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Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from If this is the case, it appears that the functional differ ence between the m and i proteins is a result of the pres ence or absence of the amino-terminal domain found in the longer m protein (Fig. 8 ). This domain is almost to tally devoid of charged amino acid residues, and it is as sociated with many stretches of Gin residues (the opa or M repeat). Although repeats of Gin residues have been found in many Drosophila genes coding for regulatory proteins (Regulski et al. 1985; Wharton et al. 1985; Thisse et al. 1988) , their functions remain obscure. A recent analysis of mammalian transcription factor SPl in Drosophila tissue culture cells has indicated that glutamine-rich stretches function as activation domains (Courey and Tjian 1988) . Therefore, it is possible that the glutamine-rich amino-terminal domain of the m protein may provide activating functions that are absent from the truncated r protein.
Other examples of genes with overlapping transcripts that encode two proteins that differ by the presence or absence of an amino-terminal domain have been re ported. The full-length protein of the E2 ORF of bovine papillomavirus functions as a trans-activator, whereas a shorter protein composed of the carboxy-terminal do main serves as a repressor (Lambert et al. 1987 ). The re cently described structure of a homeo box-containing gene from Xenopus, XlHboxl, is strikingly similar to that of the Abd-B gene (Cho et al. 1988) . Overlapping transcripts are generated from two promoters that en code either a long or short protein containing the homeo box sequence.
The m element of Abd-B is required for proper devel opment of PS10-PS13 (Casanova et al. 1986 . Specification of the morphological characteristics of this region is thought to entail suppression of Ubx expres sion in posterior abdominal segments (Struhl and White 1985) and activation of the 'realizator' genes (Garcia-Bellido 1975) , which are the cyto-differentiation genes re sponsible for the characteristics of these parasegments.
Although no downstream genes have yet been identified, it appears likely that the m protein functions as a tran scription activator, as has been shown for other homeo domain-containing proteins (Jaynes and OTarrell 1988; Han et al. 1989; Krasnow et al. 1989; Winslow et al. 1989) . In contrast, the primary function of the r protein in the wild-type flies appears to be to repress other homeotic genes, including the Antennapedia P2 promoter (Boulet and Scott 1988) and the Abd-B m element (Ca sanova et al. 1986 ) that should not be expressed in PS 14. The I protein can also repress the expression of abd-A and Ubx in PS14 (Casanova et al. 1986; Casanova and White 1987) . We suggest a model in which the unique amino-terminal domain of the m protein is required for activation of other genes, whereas the r protein lacking this domain can only act as a repressor. Because the carboxyl terminus, including the DNA-binding homeo do main (Desplan et al. 1988; Hoey and Levine 1988; Miiller et al. 1988) , is identical for the m and r proteins, both proteins may bind to the same DNA sequences. However, the binding of the m or r protein could lead to opposite consequences: transcriptional activation of the target genes by the m protein, on one hand, and repres sion of the same genes by the r protein on the other. The m protein could also act as a repressor (e.g., Ubx expres sion) in the absence of factors needed to mediate activa tion. The proposed mechanism is similar to the wellcharacterized regulation of the \ repressor cl gene (Ptashne 1986) , where binding of the cio protein to the operator represses transcription and binding by the larger repressor protein activates transcription.
A series of 'domain swap' or 'domain addition' experi ments suggested that transcriptional regulatory proteins consist of a DNA-binding domain and an activator do main (for review, see Ptashne 1988) . In the absence of the activator domain, the DNA-binding domain binds its target DNA sequence but fails to activate transcrip tion. The structure of the Abd-B gene suggests that a domain addition is used to produce two functionally dif ferent proteins from a single gene: one protein with an activator domain and one without it.
Materials and methods
cDNA screens and analysis of cDNAs
Two cDNA libraries were screened for cDNAs originating in the Abd-B region. The \gtlO cDNA Ubrary constructed from 3-to 12-hr embryonic RNA (lot E6-8) by L. Kauver (Poole et al. 1985) was originally screened with a 0.6-kb EcoRl fragment (kindly provided by S. Celniker) located at the genomic map coordinate -I-154 of the BX-C, using standard techniques (Maniatis et al. 1982) for handling phage X libraries. Positive clones from these screens were amplified and the cDNA inserts were transferred to pTZ vectors (U.S. Biochemicals). This library was subsequently rescreened with a PvulI-PstI fragment specific for class A cDNA and a Taql-Nael fragment specific for class B cDNAs (Fig. 2) . The cDNAs were initially mapped using re striction enzymes. Some clones were compared to each other for regions of homology by forming DNA duplexes between cDNA strands of opposite orientation in ml3 phage DNA, di gesting with SI nuclease and determining the size of the resis tant DNA fragments, as described by Bermingham and Scott (1988) .
A cDNA plasmid library (Brown and Kafatos 1988 ) was screened with the class A-specific probe. Replica-plated colo nies (Benton and Davis 1977) were lysed by a brief autoclaving and washed extensively in 0.1 M NaH2P04, 50 mM sodium pyr ophosphate, 1 mM EDTA, and 1% SDS. Probes were radiola beled with the random primer method (Feinberg and Vogelstein 1983) and hybridized to the filters in 50% formamide, 5 x SSPE, 0.1% SDS, 5 X Denhardt's solution, 5% dextran sulfate, and 0.5 mg/ml sheared, alkali-denatured, herring sperm DNA at 42°C for 12-18 hr. The filters were washed in 0.3 x SSC, 0.1% SDS, at 68°C. DNA inserts from positive clones detected in this screen were analyzed directly in the host vector pNB40.
Southern hybridizations
DNA fragments representing the entire cDNA insert were ra diolabeled using the random primer method and hybridized to DNA restriction fragments spanning the entire abd-A and Abd-B domains [genomic map position -I-25 to -I-205 of Karch et al. (1985) ]. Phages 2255 Phages , 2265 Phages , 2279 were cut with £coRI, phage 2235 with Sail, and phages 8095 and 8099 with Hindlll and £coRI. The digested DNA fragments were fractionated on a 0.7% agarose gel and transferred to a nylon membrane (Nytran, Schleicher &. Schuell) using standard protocols (Maniatis et al. 1982) . Hybridization conditions were the same as those used for the library screens.
DNA sequencing
Sequencing of DNA was performed with the dideoxy chain ter mination method of Sanger et al. (1977) , using either the large fragment of DNA polymerase I (Pharmacia) or a modified T7 DNA polymerase (Sequenase, U.S. Biochemicals) following the manufacturer's reaction conditions. Both DNA strands were sequenced for class A cDNAs (nucleotides -I-1000 to -1-4408 for clone E32 and nucleotides -h508 to 4-2170 for clone B3; Fig. 6 ), all unique regions of class B (clone E19), and all regions of class C (clone E61) cDNAs. Only one strand of the common region (nucleotides +1870 to -1-4389; Fig. 6 ) of class B cDNA was se quenced to confirm its identity to class A cDNA. The genomic DNA upstream of class A cDNA clone B3 was sequenced on both strands for both wild-type DNA and the D14 mutant DNA. The 5'-flanking sequence upstream of class B cDNA clone El9 was also sequenced on both strands. Subcloned DNA containing the deletion associated with a class I mutant, iab-y^^", has been cloned and kindly provided by F. Karch. The deletion end points were approximated by restric tion enzyme mapping and precisely localized by DNA se quencing using appropriate primers.
RNA isolation
Eggs were collected for 8 hr from Canton-S strain flies main tained in population cages. Embryos were aged for 4 hr at 25°C, and RNA was isolated by homogenizing dechorionated em bryos in 6 M guanidine HCl, 0.1 M Na acetate (pH 5.2). After removing debris by centrifugation at 10,000 rpm in an SS 34 rotor for 10 min, the RNA was pelleted through a cushion of 5.7 M CsCl in an SW 41 rotor at 37,000 rpm for 18 hr. The RNA pellet was resuspended in TE [10 mM Tris-HCl (pH 7.8), 1 mM EDTA], and precipitated with ethanol before poly(A)+ selec tion. Poly(A)+ RNA was isolated by a single passage of total RNA through an oligo(dT)-cellulose column (Collaborative Re search) and then concentrated by ethanol precipitation before further use.
Northern analysis
Ten micrograms of poly(A)+ RNA was fractionated on a 1.2% agarose formaldehyde gel, as described in Maniatis et al. (1982) . The gel was alkali-treated and neutralized, and the RNA was transferred to a Duralon uncharged nylon membrane (Stratagene) for 16 hr with 20 x SSPE. The RNA was fixed to the membrane with UV light (120 mj in a Stratagene Stratalinker). Hybridization and wash conditions were those of Sanchez-Herrero and Crosby (1988) . Single-stranded probes were made by hybridization of 1 pmole of the Ml3 'universal primer' to -100 ng of single-stranded DNA derived from pTZ vectors con taining the appropriate cDNA subclone. The primer was ex tended with the large fragment of DNA polymerase I in the presence of 1 JAM [a-32p]dATP (Amersham, 3000 Ci/mmolej and 180 | XM each of dCTP, dGTP, and dTTP for 10 min. Extension was continued in the presence of 25 |a.M unlabeled dATP for 10 min, and the DNA was digested with a restriction enzyme distal to the priming site for synthesis. The DNA was dena tured with dimethylsulfoxide (DMSO) and heat, and fraction ated on 1.4% low-gelling-temperature agarose (FMC Bioproducts). A gel slice containing the single-stranded probe was melted and diluted with hybridization buffer. Approximately 32,000-160,000 cpm/cm^ of filter was used for each hybridiza tion. An RNA size standard ranging from 9.5 to 0.3 kb (BRL) was run in adjacent lanes for use in estimating RNA sizes. It was visualized by hybridization to radioactive, random primerlabeled X-phage DNA.
SI analysis
For analysis of the 5' of the 4.6-kb RNA, uniformly radiola beled, single-stranded probes were synthesized as described for Northern analysis. A primer complementary to nucleotides -I-162 to -1-191 (Fig. 6 ) was used to prime DNA synthesis on a Pstl-BamHl genomic subclone ( Fig. 4C ; nucleotides -1-443 to -345 in Fig. 6 ). The DNA was cut at the BamHI site, and a 536-base single-stranded probe was isolated on a low-gellingtemperature agarose gel.
For analysis of the 5' end of 3.4-kb RNA, a primer (nucleo tides -1-275 to -1-294 in Fig. 7 ) was hybridized to an £coRI-Hir2-dlll fragment from the genomic position -I-182 to -1-186 and extended with the large fragment of DNA polymerase I in the
GENES & DEVELOPMENT 1979
Cold Spring Harbor Laboratory Press on October 28, 2017 -Published by genesdev.cshlp.org Downloaded from presence of a radioactive nucleotide, as described above. The extended DNA was digested with Pstl, resulting in a 940-base probe that was isolated on a low-gelling-temperature agarose gel.
The radioactively labeled probe was hybridized to 1 | jLg of 4-to 12-hr Drosophila poly(A)+ RNA, 10 |xg of 4-to 12-hr Diosophila total RNA, or 1 |xg of yeast poly(A)+ RNA at an RNA concentration of ~1 mg/ml in 50 mM PIPES (pH 6.4), 5 x SSC, and 1 mM EDTA by heating to 85°C for 5 min and then incu bating at 50°C for 3 hr. The hybridization mixes were cooled on ice and diluted 10-to 25-fold in 30 mM Na acetate (pH 4.5), 0.25 M NaCl, 1 mM ZnS04, and 5% glycerol. The DNA-RNA hy brids were then digested with 60 units of SI nuclease (U.S. Biochemicals) at 15°C for 1 hr. The protected fragments were pre cipitated and electrophoresed on 6% acrylamide/7 M urea gels.
Primer extensions
The primers used in primer extension analysis were prepared as follows. For analysis of the 4.6-kb RNA, an oligonucleotide complementary to -I-125 to -I-151 in Figure 6 (5'-GTGAATG-GACGGCGAGTACGAAATCGT-3') was hybridized with the Pstl-BamHl genomic subclone (nucleotides -f443 to -345 in Fig. 6 ) from map position -1-158 and extended with the large fragment of DNA polymerase I in the presence of both [a-3ip]dCTP and [a-3ip]dATP, as described above for the produc tion of single-stranded probes for Northern analysis. The ex tended DNA was digested with BssHII (nucleotide + 39 in Fig.  6 ). This results in a uniformly radiolabeled fragment of 113 nu cleotides. For analysis of the 3.4-kb RNA, a radioactively la beled, 253-nucleotide-long primer was synthesized similarly by first hybridizing an oligonucleotide complementary to nucleo tides + 275 to +294 of Figure 5 (5'-GAGTTTATATGACATA-TATG-3') to an £coRI-Hindlll subclone from the genomic po sition + 182 to +186, extending with the large fragment of DNA polymerase I and digesting with BssHII (nucleotide + 42 of Fig. 7) . The radioactively labeled probes were separated on 8% acrylamide/7 M urea gels, eluted overnight from crushed gel slices in distilled water, and concentrated by ethanol precipita tion.
Approximately 1.5-9 ng (50,000-300,000 cpm) was hybrid ized to RNA as described above for the SI analysis, except that hybridization was done at 70°C for 3 hr for the 113-and 253-base probes. The hybridized primers were extended in a reac tion mixture of 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 10 rtiM MgClj, 1 mM DTT, 40 units RNasin (Promega), and 0.5 mM each dATP, dTTP, dCTP, and dGTP, using 3 units of reverse transcriptase (Seikagaku) for 30 min at 42°C. Subsequently, the reaction was treated with RNase A (250 M-g/ml, Worthington) for 15 min at 37°C and extracted with phenol/chloroform (1 : 1). The extension products were concentrated by ethanol precipita tion and electrophoresed on 6% acrylamide/7 M urea gels.
